Objective: To characterize integrity of fronto-striatal circuitry in chronic traumatic brain injury (TBI).
Background: Due to both direct and indirect effects, TBI is hypothesized to affect frontal and striatal function. On the basis of elegant animal, lesion, and neuroimaging literatures, oculomotor testing can provide a useful tool for in vivo assessments of neurophysiologic function. The predictive saccade paradigm in oculomotor function is well established to provide assessment of this fronto-striatal circuit.
Methods: Sixty patients with a history of chronic TBI completed 2 specific tests of oculomotor function, including a test of reflexive visually guided saccades to assess basic oculomotor function and a predictive saccade test to assess procedural learning.
Results: TBI (mild and moderate/severe) was associated with a decrease in rates of procedural learning, with degree of impairment increasing with injury severity. This was observed as a decrease in the proportion of anticipatory saccades (primary measure of learning).
Conclusions: This abnormal oculomotor performance supports the hypothesis that TBI results in chronic impairment of frontalstriatal functions proportionally to injury severity and demonstrate that oculomotor testing is sensitive to all severities of closed-head injury.
Key Words: traumatic brain injury, oculomotor function, predictive saccades, reflexive guided saccades (Cogn Behav Neurol 2010; 23:210-217) A lthough traumatic brain injury (TBI) has a civilian incidence of 100 per 100,000 1, 2 and is the ''signature'' injury among military personnel serving in Iraq and Afghanistan, 3 there is much that is still not understood about the specific relationships between injury, resultant neuropathology, and chronic neurobehavioral disability. Trauma can result in contusions (typically in the frontal lobes, temporal horn, and occipital pole 4, 5 ) and diffuse axonal injury. 6 Diffuse axonal injury has been hypothesized to underlie neurobehavioral dysfunction secondary to disruption of cortical-subcortical pathways. [7] [8] [9] In milder cases, diffuse axonal injury may be the only significant pathology raising concern that standard clinical neuroimaging may not be sensitive to persistent impairment in brain function.
Oculomotor testing provides a noninvasive method to assess the integrity of many neural circuits that are of interest in TBI, including the frontal-striatal circuit. One basic oculomotor task is the visually guided saccade (VGS) paradigm, which requires subjects to complete a reflexive saccade to targets that appear unpredictably in the visual field. The VGS task depends upon the frontal and parietal eye fields, striatum, thalamus, superior colliculus, and cerebellar vermis. 10 Previous work in our laboratory demonstrated abnormalities in VGS performance in chronic, moderate-to-severe TBI (msTBI), especially in circumstances where the target appeared with the central fixation target still present (overlap condition). This condition requires subjects to first disengage attention from the central cue to generating a saccade to the peripheral target. Increased latencies in this condition indicates difficulty disengaging from the fixation point, suggesting frontal lobe dysfunction, even in mild TBI (miTBI). 11 This finding of frontal dysfunction was further characterized with a second oculomotor task (the antisaccade paradigm). This is more specifically dependent on the integrity of the frontal lobes, as it requires subjects to inhibit a reflexive saccade to peripheral targets and then generate a saccade to the hemifield opposite of the presented peripheral target. Patients with TBI made more prosaccade errors (initiation of saccades to the target rather than the opposite hemifield), which more specifically indicates frontal dysfunction. 11 In addition to frontal lobe dysfunction in TBI, there is also evidence of damage to striatal systems (upon which certain frontal circuitry is dependent). The predictive saccade (PRED) test provides a measure of procedural learning that is known to rely upon frontal striatal circuitry. 12 As such, the goal of the present study was to examine the effects of TBI on this circuitry using specific tests of oculomotor function that assess saccade responses to unpredictable and predictable targets.
The PRED task typically involves a sequential presentation of 2 targets, each at a fixed location. This serial reaction time task rapidly induces procedural learning because, within 5 to 10 responses, subjects learn to ''predict'' target appearance and initiate saccades close to, if not anticipating, target appearance. This task has been shown in human neuroimaging studies to rely on regions within the dorsolateral prefrontal cortex, presupplementary motor area, anterior cingulate, hippocampus, mediodorsal thalamus, and striatum. 13 The PRED task previously has been used in TBI, and there is preliminary evidence that it is, in fact, sensitive to the neuropathology of mild trauma. 14 In a small sample of mixed chronic and subacute miTBI, Suh et al 14 demonstrated significant effects of TBI on accuracy of PREDs and variability of response timing. Although based on the small sample and period of recovery during testing conclusions about the fronto-striatal deficits cannot be clearly delineated, the study provides evidence of the usefulness and validity of PRED in TBI. The present study was designed to characterize performance on PRED and VGS tasks in 60 patients with a history of chronic TBI (patients were at least 1 y from injury, and therefore stable in recovery) across a range of trauma severities. These patients and methods were selected to determine whether there is persistent evidence of frontal-striatal circuitry dysfunction after chronic TBI of varying severity.
MATERIALS AND METHODS

Subjects
Sixty subjects with a history of a single TBI, closed head type, participated ( Table 1 ). Thirty subjects (18 females and 12 males) had a history of miTBI, and 30 (14 females, 16 males) had msTBI. All were at least 1 year out from injury, with an average of 80 months for miTBI and 125 months for msTBI. Subjects were recruited from the University of Illinois Medical Center through advertisements. Thirty demographically matched healthy controls (22 females, 8 males) were recruited from the community. Experimental procedures complied with the code of ethics of the World Medical Association and the standards of the University of Illinois Institutional Review Board. All subjects provided written informed consent consistent with the Declaration of Helsinki.
As both nicotine and caffeine have been reported to affect eye movements, we collected information from the participants on the usage of both. Only 1 control reported light use (1-10 cigarettes/d), and 2 miTBIs reported moderate use (11-20 cigarettes/d). In the msTBI group, 3 of the 30 participants reported light use, and 3 reported moderate use. The gross majority of all participants reported average daily caffeine consumption to be less than 2 cups daily (26 controls, 24 miTBI, 23 msTBI). Both nicotine and caffeine use were recoded, such that participants were grouped in either no to light use or moderate use categories, with 10 cigarettes per day being the cutoff for nicotine use, and 2 cups of coffee (or the equivalent in tea or other beverages) the cutoff for caffeine. Each analysis reported below was run with caffeine and nicotine use as independent variables. The main effect of nicotine and caffeine use was not significant in any of the analyses. As such, all the conducted analyses were collapsed across nicotine and caffeine use.
Exclusion criteria were: any history of major psychiatric disorder, including major affective or psychotic disorder such as schizophrenia, substance abuse, pending litigation, or any neurologic/medical condition (other than TBI for the TBI patients) that could result in cognitive changes (eg, hypertension, diabetes, stroke, seizure). None of the participants reported a family history of major psychiatric disorder in first-degree relatives. Subjects were not receiving any treatments for cognitive deficits at the time of the study. The criteria used for defining miTBI were set forth by the American Congress of Rehabilitation Medicine. 15 Subjects were categorized as mild severity (miTBI) if the length of loss of consciousness was less than 30 minutes and duration of posttraumatic amnesia was less than 24 hours. Patients were classified as msTBI if the length of loss of consciousness was >30 minutes, posttraumatic amnesia was >24 hours, and/or the Glasgow Coma Scale was >13.
The average reported loss of consciousness was 0.1 hours (range, 0-0.50 h) for miTBI and 380 hours (range, 0.50-2880 h) for msTBI. Injury mechanisms were motor vehicle accidents (67%), pedestrian versus motor vehicle accidents (10%), sports injuries (10%), and a small percentage of other causes. The healthy controls were not different from the TBI groups in age or education. The controls and miTBI groups were not significantly different in estimates of premorbid IQ ( Table 1 ). The premorbid IQ estimate for msTBI was significantly lower than in controls (P = 0.02).
Neuropsychologic Assessment
The neuropsychologic battery used to characterize the population assessed executive function, attention, and memory, although it was heavily weighted toward executive function. Tests included Tower of London, 16 Stroop Color-Word Test, 17 Paced Auditory Serial Addition Test, 18 Trail Making Test, 19 Conners' Continuous Performance Test À II (CPT), 20 Controlled Oral Word Association Test, 21 Ruff Figural Fluency Test, 22 Wechsler Test of Adult Reading, 23 California Verbal Learning Test (2nd Edition), 24 Brief Visual Spatial Memory Test (Revised), 25 Digit Span and Spatial Span (3rd Edition), 26 and Grooved Pegboard. 27 All subjects passed the tests for malingering and effort (Test of Memory Malingering). 28 Z-scores were calculated for all subjects, with the mean and standard deviation of data from healthy subjects used to define unity for all subject groups. Negative scores indicated performance below the mean of healthy subjects. Domain scores for measures of executive function, attention, and memory were defined based on convention as well as a review of the relevant literature. The references indicated below represent a literature that uses these tests to assess functions similar to the current manuscript. The executive function domain score included the total moves in the Tower of London, 29 the age-corrected Stroop Color-Word, 30, 31 the total score of the Paced Auditory Serial Addition Test, 32 Form B of the Trail Making Test, 33 the number of errors of commission of the CPT, 34 the total score on the Controlled Oral Word Association Test, 35 the number of unique designs as part of the Ruff Figural Fluency Test, 35 and the scaled scores in the Digit Span and Spatial Span backward. 36 The attention domain was calculated using the scales' scores in the Digit Span 37 and Spatial Span forward, 38 the time required to complete Form A of the Trail Making test, 35 and the number of errors of omission in the CPT. 34 Finally, the memory domain was calculated based on the California Verbal Learning Test 37 (total trials 1 to 5 and long-free recall) and the Brief Visual Spatial Memory Test (trials 1 to 3 and delay recall). The final domain scores were generated by averaging the standardized data from tests assessing these cognitive domains as presented in the Appendix.
Oculomotor Tasks: Procedure and Apparatus
Subjects were tested in a darkened black room without extraneous visual stimuli. Subjects were positioned in a chin and forehead rest to minimize head movement. Visual targets were presented in the horizontal plane at eye level via rear projection onto a screen. Electrodes were placed at the lateral and nasal canthi of each eye to obtain direct current electro-oculography recordings (Grass Neurodata 12 Acquisition System). Eye blinks were monitored using electrodes placed above and below the left eye. Before processing, data were smoothed with a finite impulse response filter. Performance on each trial was reviewed to identify blink artifacts and occasional failures of the software to identify primary saccades. Quantitative assessment of eye movement data was performed without knowledge of subject group or other characteristics.
VGS Task
Subjects were required to fixate on a central target for 1.5 to 2.5 seconds before looking toward peripheral targets presented unpredictably at 10, 20, or 30 degrees of visual angle to the right or left of central fixation. A total of 72 trials were presented across three 24-trial blocks, with a rest between each block. Peripheral targets were presented randomly either 200 milliseconds after the central fixation point was extinguished (gap condition) or 200 milliseconds before the central fixation point was extinguished (overlap condition). Latency, peak velocity, and gain of primary saccades were measured. Saccade gain (percent of distance moved to the target location) is a measure of accuracy, indicating the extent the saccade overshot or undershot the target.
PRED Task
Subjects were required to fixate on a central target for 5 seconds, then follow the target as it moved back and forth to the left and right of center (+6 and À 6 degrees) every 750 milliseconds for 40 target displacements. Latency, peak velocity, and gain of primary saccades were obtained.
Statistical Analyses
For the descriptive data and neuropsychologic testing, a 1-way between subjects analysis of variance (ANOVA) with group membership (controls, miTBI, and msTBI) as the between-subjects factor was performed. Bonferroni corrections were applied and post hoc testing carried out using a corrected P value of 0.05 as the threshold for significance. For the VGS task, the primary analyses were 2-way mixed design ANOVAs with group membership (controls, miTBI, and msTBI) as the between-subjects factor and condition (gap and overlap) as the within-subjects factor. Comparisons between measures within subject groups were carried out using paired-samples T tests. TBI was not related to any laterality difference in eye movements, nor were there any differential effects of target displacement amplitude for any variables of interest. Therefore, data were collapsed across both direction of saccade and size of target displacement in the primary analysis.
To determine whether TBI affected procedural learning, the primary analyses evaluated systematic changes in response to latency across the 40 trial tasks. Best-fit lines using a nonlinear inverse second order regression were applied to the latency data for each group. Two-way, mixed design ANOVAs were used to examine differences in the slope (rate of learning) for each group. Additionally, learning was examined by classifying the proportion of saccades, which could be classified as regular saccades (latencies >140 ms in duration), anticipatory saccades (latencies <90 ms), and an intermediate group of speeded saccades (latencies falling between 90 and 140 ms). The relative proportions of each type of saccade were then quantified in blocks of 5 trials. Additional 2-way mixed design ANOVAs were carried out on the total number of saccades within each type as well as overall saccade gain.
Speed and magnitude of learning can be evaluated in 2 distinct but complementary analyses. First, the effects of learning on latency were evaluated by extracting bestfit measures of the rate (slope) of learning. These were then compared across groups. This provides a general assessment of learning. To examine more specifically the effects of TBI, the latency data were reanalyzed across all 40 trials and within subgroups of the 40 trial paradigms. Each saccade was characterized as either regular (latency >140 ms), speeded (latency between 90 and 140 ms), or anticipatory (latency <90 ms). The relative proportion of total anticipatory saccades provides an overall measure of learning.
RESULTS
Neuropsychologic Function
There was an overall effect of group membership (controls, miTBI, and msTBI) on all 3 neuropsychologic domains (Fig. 1) . Detailed results for each measure included in the domain scores are reported in the Appendix. Post hoc testing demonstrated that the miTBI group differed from controls on the executive domain (P = 0.044), but not in memory or attention. However, the msTBI group performed significantly worse than controls in all domains after correction for multiple comparisons (Bonferroni, executive: P<0.001; attention: P<0.001; memory: P<0.001) and they were more impaired than miTBI as well (executive: P = 0.028; attention: P = 0.005; memory: P<0.001).
VGS Latencies
As shown in Figure 2A , all subject groups showed longer latencies in the overlap than gap condition [controls: T (29) = 19.49, P<0.001; miTBI: T (29) = 11.83, P<0.001; msTBI: T (29) = 18.27, P<0.001]. This relative increase in latencies from gap to overlap conditions is found normally, and is defined as the gap effect. 39 Figure 2A also illustrates the interaction between the conditions (gap, overlap) and groups (controls, miTBI, msTBI) [F(2,87) = 11.33, P<0.001], with msTBI showing the greatest gap effect, (M = 101.1 ms, SEM = 5.54 ms), followed by the miTBI, (M = 81.97 ms, SEM = 6.93 ms) and the controls, showing the smallest gap effect (M = 64.31 ms, SEM = 3.03 ms). The differences between the groups were primarily driven by latency differences in the overlap condition during which both miTBI and msTBI showed longer latencies than controls.
Gain
Although there was no significant interaction between group and gap/overlap condition [F(2,87)<1, P = 0.943], there was a main effect of subject group such that the miTBI undershot the target more than controls. This pair-wise comparison reached significance in the overlap condition [T(58) = 2.041, P = 0.046] and showed a trend for a similar pattern in the gap condition [T(58) = 1.87, P = 0.067]. Although there was a similar trend for the msTBI relative to controls, this did not reach significance. This effect is depicted in Figure 2B . As with saccade gain, there was no interaction between condition and subject groups on measures of peak saccade velocity, F(2,87) = 1.288, P = 0.281. There were also no main effects of either group or condition (Fig. 2C ).
PREDs Latency
Response latencies decreased significantly across the 40-trial protocols as subjects learned to anticipate when and where targets would appear, and to entrain a synchronized response sequence.
Serial Position Effects on Latency
Best-fit models using nonlinear inverse first order regression coefficients were applied to the trial-wise latency data for each group of subjects, and are presented in Figure 3 (controls: r 2 = 0.94; miTBI: r 2 = 0.87; msTBI: r 2 = 0.92). Controls showed a more rapid and greater decrease in response latency than the msTBI and miTBI groups. Estimates of each parameter for all 3 groups are included in Table 2 . Learning curves of all 3 groups differed significantly from each other [F(9,120) = 17.15, P<0.001].
Proportion of Regular, Speeded, and Anticipatory Saccades
The total proportion of anticipatory saccades across all 40 trials for each group of subjects is presented in Figure 4 . All the 3 groups showed a robust procedural learning effect, as indicated by a high proportion of anticipatory saccades. However, the magnitude of learning differed across subject groups, F(2,88) = 3.513, P = 0.034, such that 22 of the 40 trials were classified as anticipatory for the controls, 19 of 40 for the miTBI, and 17 of the 40 trials for msTBI. Posthoc comparisons showed a significant difference only between the controls and msTBI.
Gain
There were no differences between the groups from the aspect of the gain of anticipatory saccades, nor were there differences in gain of anticipatory saccades as a function of serial position, F(14,609) <1. Mean latencies for the controls (triangles), miTBI (squares), and msTBI (circles) across the 40 trials. Overall mean latencies for each group are presented on the right. Best-fit nonlinear regression lines are also presented for each group. Error bars represent 1 standard error. miTBI indicates mild traumatic brain injury; msTBI, moderate-to-severe traumatic brain injury.
Velocity
There were no differences between groups or between groups and serial position in the peak velocity of anticipatory saccades, F(14,609) <1.
Neuropsychologic Assessment and Oculomotor Variables
A series of exploratory correlations were conducted between neuropsychologic measures and oculomotor variables. No correlations were found for either the TBI groups or the controls between latencies and any of the cognitive domains (memory, attention, and executive) in an exploratory analysis. Neither the proportion of regular nor the anticipatory saccades correlated with the domain scores. We also conducted exploratory correlations with each individual neuropsychologic measure used to calculate the domain scores with our primary oculomotor variables. For the proportion of anticipatory saccades generated by the TBI group, there was a negative relationship with the number of commissions on the CPT (P = 0.035), such that greater commissions were associated with fewer anticipatory saccades. For the gap effect on the VGS, a larger gap effect (greater disengagement cost) was associated with increased reaction time on the CPT (P = 0.044), and increased total time to complete Trails B (P = 0.045).
DISCUSSION
The neuropathology of TBI commonly results in the disruption of critical cortical and cortical-subcortical circuitry. Oculomotor testing is well suited to quantify and qualify the neurophysiologic effects of these disruptions in vivo. Yet, relatively few prior published studies have used this methodology to study TBI, and fewer yet to study chronic injury (defined here as greater than 1 y postinjury) or to compare deficits across a range of TBI severities.
In the current study, procedural learning was assessed in chronic TBI across severities using a standard PRED task, whose neuroanatomy has been well described to include fronto-striatal systems, which are of interest in TBI. The VGS task was included as a means of assessing basic sensorimotor function in TBI. The primary effect of TBI on VGS performance was noted in the overlap condition, with impairment greatest in the msTBI group. In the overlap condition, the central fixation stimulus overlaps temporally with the onset of appearance of peripheral targets, adding in the additional requirement to actively disengage attention from the central cue before executing the saccade. The data suggest that TBI subjects have difficulty disengaging visual attention, and that this impairment is associated with injury severity. This deficit may affect performance on the PRED task, as the planning and initiation of anticipatory saccades typically occurs while the previous target is still present. The modest difference found in saccade gain found for the miTBI group most likely did not significantly affect the results of the PRED task, as the gain of PREDs was not altered.
The PRED data indicate that both groups of TBI subjects showed slower procedural learning rates compared with the controls, and this impairment was proportional to the severity of injury. Group differences in the proportion of anticipatory saccades paralleled these findings. By the end of the 40 trial experiments, subjects of all the 3 groups showed a similar proportion of anticipatory saccades. So, although TBI slows the rate of procedural learning, with greater severity of injury resulting in slower rates, it does not eliminate it. Importantly, the PRED was able to characterize a specific type of learning deficit in TBI via a neurophysiologic method, and hence adds another important dimension to our understanding of neuropathology in TBI across all severities, including those classified as ''mild.'' A series of exploratory correlations were conducted between neuropsychologic measures and oculomotor variables. No correlations were found for either the TBI patients or the controls between oculomotor variables (latencies, proportion of regular or anticipatory saccades) and any of the cognitive domains (memory, attention, and executive) in an exploratory analysis. This may be explained in part by a relative lack of sensitivity of many standard neuropsychologic testing batteries (inclusive of the one used here) for the assessment of procedural learning specifically, and could be a focus of further study.
The results of this oculomotor testing reflect the continuum of TBI neuropathology, and the effect of TBI on fronto-striatal circuitry. Neurophysiologic dysfunction logically follows that continuum, as the current data demonstrate. These findings strengthen the role of oculomotor studies in the assessment of all severities of chronic TBI, and document persistent deficits in fronto-striatal circuitry well after acute recovery from trauma even with miTBI. 
APPENDIX. Neuropsychologic Test Results and Domain Scores for all Groups
